Abstract -We present an integrated catheter for 3-D intracardiac echocardiography and ultrasound ablation. The device uses a 9 Fr (3 mm O.D.) catheter lumen with a 14 Fr (4.7 mm O.D.) tip. Realtime 3D imaging is achieved with a forward-looking 112 element, 5 MHz two-dimensional array built on a multi-layer flexible interconnect circuit. Transducer elements typically showed a 21% bandwidth and a pulse-echo insertion loss of 80 dB. The imaging array, attached to our real-time 3-D scanner, was used to image tissue phantoms and a fixed sheep heart.
I. INTRODUCTION
This paper describes a combined catheter capable of both real-time three-dimensional (RT3D) intracardiac echocardiography (ICE) and ultrasound ablation (Fig. 1a) . Such a device could greatly simplify cardiac procedures in which the heart anatomy must first be imaged and then ablated, such as to treat atrial fibrillation. A clinical device must both image the cardiac chambers and pulmonary vein ostia and create transmural lesions at targeted locations. Previously, we described a combined 12 Fr side-viewing catheter with a 5 MHz imaging array, adjacent to a 10 MHz ablation element, and five integrated electrocardiogram (ECG) electrodes [1] . Because of the ablation element's placement adjacent to the imaging array, direct visualization of ablation sites was difficult. Herein, we describe our efforts to improve on this device by increasing imaging resolution and designing the ablation beam and imaging volume to be coincident. In the Methods section we describe design and fabrication of a 14 Fr, forward-viewing catheter with a 5 MHz array for RT3D ICE and a 10 MHz ring transducer that fits around the imaging array (Fig. 1b) section, imaging of wire phantoms and an ex vivo sheep heart and ablation studies on phantom materials and ex vivo bovine tissue are described. In the Discussion section, our results are analyzed.
II. METHODS

Transducer Design and Fabrication
The imaging part of our combined transducer is based on a proven design [2] . As shown in Fig. 1b , the imaging array (no shading) has 112 elements on a 150 µm pitch arranged in a 10 by 14 matrix. Each element operates at 5 MHz. This transducer was built with methods described previously [3] using PZT-5H on a multilayer flexible interconnect circuit (MicroConnex, Snoqualmie, WA). Sixteen ribbon cables with 14 conductors per ribbon (seven signal channels alternated with grounded conductors, Microflat, W. L. Gore & Associates) were fed through a 9 Fr catheter lumen to electrically connect the solder pads on the flex circuit to the system cable of our 3-D scanner.
The size of the ablation transducer (light gray in Fig. 1b) was constrained by the design of the imaging array. A ring of grounded elements (dark gray) surrounds the imaging array, thus the minimum inside diameter of the ablation transducer is 3 mm; our ring has a 3.1 mm inside diameter. The outer diameter was chosen to be 4.5 mm, both to keep the overall diameter of the device small (14 Fr) and to insure an electrical impedance well-matched to our driving hardware. A 10 MHz PZT-4 ring (VP-A40, Boston Piezo-Optics, Inc., Bellingham, MA) was centered on the imaging array and epoxied to the flex circuit. A miniature coaxial cable was run through the catheter lumen and soldered to the ring; the proximal end was terminated to a BNC connector. Heat shrink tubing approximately 1 cm long was used to transition from the smaller catheter lumen to the ablation ring and complete the device (Fig. 2) .
Transducer Characterization
The impulse response of the imaging array was measured by transmitting from one element with a Model 9073PR pulser/receiver (Panametrics, Waltham, MA) and receiving the reflection from an aluminum block with a nearby element. The power spectrum was measured using a Panametrics Model 5605A stepless gate and a Model 3588A spectrum analyzer (Hewlett-Packard, Palo Alto, CA). The 50 Ω insertion loss of individual elements operating in both transmit and receive was also measured.
The electrical impedance of the ablation ring transducer was measured with a Hewlett-Packard 4194A impedance analyzer.
In subsequent experiments, the ablation transducer was excited by a signal source (Hewlett-Packard 8165A) producing small amplitude (<0.5 V), high frequency bursts with arbitrary cycle length and pulse repetition frequency (PRF). These bursts were amplified by an RF power amplifier with 50 dB of gain (Model 525 LA, ENI, Rochester, NY). Between the amplifier and the transducer, a power meter (Model NRT, Rohde & Schwartz, Munich, Germany) measured the power available from the amplifier (forward power) as well as the power reflected from the imperfectly matched transducer (reverse power). A Model 804 calibrated membrane PVDF hydrophone (Sonic Technologies, Hatboro, PA) was used to find the I SPTA produced by the ablation transducer according to the procedures outlined by the Center for Devices and Radiological Health of the FDA [4]. Intensity was measured first as a function of frequency in order to find the optimum center frequency of the device at which the least amount of power is reflected from the transducer. Then intensity was measured as a function of the number of cycles in the excitation burst.
Measurements
The ability of the device to visualize heart anatomy was tested by imaging a fixed sheep heart with a 90° field of view. The ability of the ablation transducer to create lesions was first tested in a tissue phantom material (polyvinyl alcohol cryogel and graphite) with an attenuation coefficient of approximately 0.5 dB/cm/MHz. Five type T thermocouples (5TC-TT-T-36-36, Omega Engineering, Stamford, CT) were embedded in the 2 cm thick tissue-mimicking rubber as shown in Figure 3 . The ablation transducer was suspended in water so that it was above the phantom. A digital multimeter/data acquisition system (Model 2700 with 7708 multiplexing module, Keithley Instruments, Cleveland, OH) under the control of a laptop computer running LabVIEW software (National Instruments, Austin, TX) was used to collect temperature data from all five thermocouples while the signal source was enabled. For these experiments, the signal source was set to produce 500 cycle bursts with an amplitude of 0.2 V and a frequency of 10 MHz with a PRF of 10.3 kHz. The total duty cycle of the excitation pulse was 51% and the transducer was powered for 60 seconds. The ablation transducer was first positioned so that it was nearly touching the phantom, then a second procedure was run with it positioned 5 mm above the rubber.
Finally, the ability of the ablation transducer to produce lesions in ex vivo beef muscle was tested. A hole 12 mm in diameter was bored in a piece of beef 12-13 mm thick to approximate an ostium in the wall of the myocardium. This beef was placed in a water tank and massaged to remove any air bubbles. The catheter was suspended above the beef and the Volumetrics scanner was used to image the model. Then, the device was lowered to the surface of the beef and the ablation transducer was used to create a lesion near the lumen. The signal source was set to produce 300 cycle bursts with an amplitude of 0.2 V and a frequency of 10 MHz with a PRF of 17.6 kHz. The total duty cycle of the excitation pulse was 53% and the ablation lasted for 2 minutes. Finally, the catheter was raised to its original position and the model was again imaged.
III. RESULTS
The imaging array elements had a center frequency of 5.4 MHz and a -6 dB bandwidth of 21%.
The average of 50 Ω insertion loss measurements of six pairs of elements was 80 dB. The ablation ring transducer had an impedance of 89 Ω at the parallel resonance (10.1 MHz) of the thickness mode. This was a good match to the 50 Ω output impedance of the power amplifier, so no electrical matching was employed.
The optimum center frequency of the ablation transducer was 10.0 MHz. At this frequency the amount of power reflected from the transducer varied from 14% at low duty cycle (1%, or 10 cycles per burst) to only 6.8% at high duty cycle (52%, or 500 cycles per burst). The maximum I SPTA measured in this study was 16.1 W/cm 2 at 500 cycles per burst. At that intensity, the amplifier provided 5.9 W to the transducer according to the power meter.
In Figure 4 , images of the fixed sheep heart are shown. The catheter was positioned in the right ventricle (RV) of the heart and was able to clearly image the RV, the left ventricle (LV) and the septum separating the two chambers of the heart.
With the ablation transducer just above the tissuemimicking rubber, it was able to raise the temperature of the tissue-mimicking rubber by 14 °C as shown in Figure 5a . The numbering of the traces refers to the numbering of the thermocouples in Fig. 3 . Figure 5a shows that thermocouple 3, directly under the ablation transducer, reached a steady-state temperature change of 14 °C in 45 seconds. Thermocouples 2 and 4 reached a temperature change of approximately 7 °C, while thermocouples 1 and 5 only recorded a temperature rise of a few degrees. the absorbing rubber. In this case, thermocouple 3 was heated only 8 °C, thermocouples 2 and 4 were heated 3 °C, and thermocouples 1 and 5 were heated only a few degrees each. For both of these experiments, the amplifier was providing 5.4 W of forward power with 5% of that reflected.
In Figure 6 , we show the results of our combined imaging and ablation experiment. Figure 6a and 6b are a B-scan and C-scan, respectively, of the hole in the beef. Figure 6c shows the results of the ablation experiment. The lesion had the same diameter as the ablation transducer, 4.5 mm. No images were viewable during the ablation procedure due to interference from the ablation signal. Post-ablation images were no different from those in Fig. 6a .
IV. DISCUSSION
We have developed a prototype catheter with integrated RT3D ICE and ultrasound ablation that may be useful in interventional cardiac procedures in which the cardiac anatomy is first imaged and then ablated to treat arrhythmias. We have presented images made by this device of a fixed sheep heart and fresh bovine tissue. The imaging array has resolution sufficient for the visualization of important cardiac anatomy, such as the cardiac chambers and septum. The ablation transducer has heated tissue-mimicking rubber by 14 °C. We have shown that this heating is adequate for creating lesions in bovine muscle. The power used by the ablation transducer is an order of magnitude less than the power used by RF ablation devices.
[ 
